Some issues, regarding a low energy high current electron beam that will be needed for electron beam cooling to reduce momentum of gold ions exiting the EBIS LINAC before injection into the booster, are exmuined. Options for propagating such an electron beam, as wen as the effect of neutralizing background plasma on electron and ion beam parameters are calculated. Computations and some experimental data indicate that none of these issues is a show stopper.
Introduction
It was suggested 1 to use an electron beam for single-pass cooling of the ion beam end of the EBIS-RFQ-LINAC system. Expected ion beam parameters 2 , based on design, at the exit of the EBIS-RFQ-LINAC system are: energy 2 MeV/u, momentum spread tlpt=10- 3 , and tipi =5x10-3 , beam diameter 1 cm, and gold ion charge state AU+ 32 , with ion density2 at the LINAC exit nj=8xl0 7 cm-3 • For electrons to match ion velocity, their energy U must be about 1 KeV (actually slightlr more than 1.098 KeV). At these energies, ion and electron velocities are about 2x10 meter/second, hence~= 0.0667 and y = 1.0022.
In those basic cooling conlputation electron beam parameters based on what was obtained with an electron gun with plasma cathode, from which 9 A were extracted at 1 KeV through a 6 mm aperture 3 -• Based on these parameters the electron density n can be computed from n:::: YAev ' where I is electron beam current, e elementary charge and A is extraction aperture area. Imlnediately after extraction, the electron density is about n~lOll em -3 (electron beam current density of 31.8 A/cm 2 ) . Balk electrons parallel energy spread before extraction was about 0.1 eV; measured perpendicular spread was under 0.5 eV (limited by measurement resolution). To match ion beam diameter, Le. fill 1 cm diameter at the obtained 3 -6 electron current density, a 25 A electron beam is needed.
Analyzed cooling scenario} is based on magnetized cooling in a 2.4 Tesia solenoidal magnetic field. And obviously, cooling is to be performed in vacuum; most likely in tubular vacuum system. Issues concerning propagation of magneticalll confined electron beams through pipes have been described in a number of text books7, . As it was pointed out 9 , injection of 1 KeV, 25 Amp electron beam through such a system cannot result in beam propagation that has both 1 KeV electron energy and, 25 Amp electron current.
Two possible solutions are analyzed in this note: space charge neutralization and injection at higher energies. The first is simple analytically, but requires calculations of multiple effects. The later is analytically complex, but seems at first pass easier to implement experimentally. Either solution indicates that none of the issues to be raised in subsequent sections is a "show-stopper."
II.
Space Charge Neutralization
Simplest way to neutralize the electron beam is by gas or plasma whose density equals (or is greater than) electron beam density. Electron beam space charge neutralization requires introduction of gas and/or plasma~since the ion beam charge density is a factor of 39 lower than the electron beam charge density. With only the ion beam~electron beam neutralization is 2.56%. But, neutralizing plasma and/or gas particles scatter beam ions or electrons. In this case of interest with target thickness of only nl~10 13 em-2 effects on the beam envelope (i.e. significant spatial scattering) can be neglected (especially in a 2.4 Tesla magnetic field). However, velocity space diffusion and slowing down must be calculated.
Ha
Neutralization with Plasma; Computation Formalism
To evaluated velocity space slowing down and diffusion formulas, which were derived from the test particle modeI 1O -14 , are used in the next sub-section. As it was shown l previously, physical parameters of this problem justify the use of formulas based on the test particle model. Hence, in this case the use of plasma physics formulas is fully justified to compute ion velocity space diffusion for the following reasons. has parameters where beam diameter to gyro-radius and Debye length ratios~as well as the number of electron gyrations are such large numbers. Therefore, classical plasma physics formalism is fully justified in this analysis. In this magnetic field ion gyro-frequency is about 6 MHz, i.e. ion gyration period is over a factor of 5 larger than the longest interaction (cooling) time. So ions are not magnetized.
Rostoker and Rosenbluth10 developed the test particle modeL Norman Rostoker continued to refine the test particle model in subsequent papers l1 ,12 to a point where exact equations were written 13 by Trubnikov for a Maxwellian field particle distribution. Pertinent (to this case) relaxation rates v P/p ' in sec-] (p test particle in a background of field particles p') for slowing down, diffusion in velocity space perpendicular and parallel to the direction of the test particle motion are given in the following equations
Velocities are denoted by v while rates are indicated by v. Subscripts (s,.l,&!Ddenote slowing down, transverse diffusion in velocity space and parallel diffusion in velocity space respectively. Averages are performed over an ensemble aftest particle distributions for a Maxwellian field particle distribution. Exact formulas exist for relaxation rates 13 ,14, which can be written as,
where vt PI = 411"Z2 e4An l M/v~; x is essentially the ratio of the test particle energy to the field particle temperature. Z is ion charge state, e elementary charge and A is the Coulomb logarithm. Pe or the expression derived by Montgomery 
Units are cgs and eV; Jl ion to proton mass ratio; € is beam partie.le energy; v is in sec-I. Ion beam slowing down and velocity space diffusion in a background of field electrons are given in the following equations.
i/e' = 1 7 10-4 1/2 z2 ') -3/2
Electron beam slowing down and velocity space diffusion on neutralizing plasma ions and electrons are given by the following equations. In the perpendicular direction, there is no kinematic compression Te=O.l eV, therefore any perpendicular diffusion in velocity space is orders of magnitude smaller (any effects contributed by equation 12, could have been neglected).
lIe Gas Neutralization
Estimating the effect of low density neutral gas is more difficult, since the NIST 22 ) is 1.5xl0-4 eV/cm, or 1.8x 10-eV in 120 cm. However, the dominant effect is lateral scattering of electrons 23 , which is a factor of 3 -7 larger. This energy broadening is still acceptable. For the gold ions it is not an issue.
Repeating the calculations for argon, the range of 1 KeV electrons is 6.6x 10 6 ern. Total energy loss comes to be dose to 0.1 eV, hence lateral scattering could lead to perpendicular energy broadening of about 0.5 eV. Hence neutralization with argon gas is marginal at best especially when charge exchange 1 with beam ions is considered.
HI.

Pertinent Physics Issues
A number of pertinent physics issues were evaluated in previous notes l . Those analyses are still valid. Due to the background plasma, the electron beam and to a much lesser extend the ion beam are now potential sources of free energy. Therefore, electron beam stability due to beam = plasma and anisotropic electron beam temperature must be looked at, even though the conditions are low densities (of 1x1oj J cm- 3 ) and an axial magnetic field of 2.4 Tesla. Like all beam instabilities, the first has a density threshold and it is suppressed by the very large magnetic field. It's possible that in order to prevent beamplasma instability, the neutralizing plasma density must be raised. In that case, electron beam velocity slowing down must be re-evaluated. The second instability is a hydromagnetic instability, i.e. a fluid instability. The densities in question are well below conditions required for fluid treatment of plasmas. Furthermore, the short interaction time would prevent any substantial growth.
IV. Higher Energy Injection
Magnetically confined electron beams have longitudinal transport limits. Similar to the Child Langmuir law in one dimension, there is a three-dimensional equivalent problem 7 in propagating high-current electron beams through a cylindrical conducting vacuum tube with a strong axial solenoidal magnetic field. Based on equation 19, reference 7 gives examples of why induction LINAC injectors must operate at higher energies to compensate for beam slowed by the potential. The claim of at "least 16.3 KV" is rather crude, since it implies relatively small change in p, which is not the case.
A more exact esthnate of the axial potential can be computed from
-;. dr r-dr -~·~:l2e~/ me' + (e~/ me')' 1" In the limit of an electron beam radius, which is much smaller than the wall, there is a simple expression for computing the required injection energy Yo, which is given 7 by 8 sec, an electron completes 2251 gyrations. In this magnetic field ion gyrofrequency is about 6 MHz, i.e. ion gyration period is over a factor of 5 larger than the longest interaction (cooling) time. So ions are not magnetized. No past, existing, or future (planned) electron beam cooler has parameters where beam diameter to gyro-radius and Debye length ratios, as weB as the number of electron gyrations are such large numbers. Furthennore, transport and velocity space relaxation theories based on the test particle model were proven to be correct experimentally23 in a series of experiments performed on two different devices. Therefore, classical plasma physics formalism, especially when based on the test particle model, is fuUy justified in this analysis.
Answer to the question posed in the title, on whether single pass cooling is possible, is affirmative. While velocity relaxation and cooling computations, based on the test particle model, have had experimental verification, electron beam cooling theories did not agree with cooling experiments. Hence, the need for Parkhomchuk's empirical formula lO , which has shown to be in good agreement with ion cooling (slowing-down) computations (equations 11 and 18) that are based on the test particle model. Some discrepancies with theories used in conjunction with electron beam cooling may be due to the very different parameters of this case as compared to parameters in electron beam cooling. In equation 15, e.g. the electron beam temperature (instead of a delta function) must be included due to overlapping of ion and electron distributions in velocity space.
Further evaluation requires an iteration process, of simulations and of electron gun as well as electron beam cooler design, to further explore concepts presented in this note. Electron guns with carbon fiber cathodes should be able to achieve the needed electron beam parameters. Carbon nano-tubes might be superior, due to their extreme durability, which also eliminates any gas problems.
Based on cooling computations performed in sub-sections lIla and BIb, momentum spread of gold ion bearns exiting the EBIS LINAC can be reduced by a factor of about 14 in a cooling distance of 107 cm (based on plasma physics formalism) or 120 cm (Parkhomchuk's empirical fonnula).
During a talk given by the author on 1/23/2009, Alexei Fedoto~4 pointed out that he had just repeated the cooling calculation (using Parkhomchuk's empirical formula) and found agreement with reference 1 calculations, when only ion velocity spread is considered. Inclusion of space charge effects on electrons increases the cooling length by a factor of 2 -3; still not a show stopper. However, when space charge effects on the ions are considered, the cooling length increases to about 2 -3 km; definitely a show stopper! Subsequently, a possible solution was found: co-injection of 2 MeV protons from a proton diode similar to those generated at NRL25, but with higher energy than their 1.2 MeV, and much lower current than their 1 MA (should be a relatively straight forward task). Co-injection of equal 2 MeV proton current will solve the space-charge problem associated with the electron beam.
Interesting physics regardless of the particular application! Motivation for this work is indeed cooling the EBIS LINAC ion beams before injection into the Booster. However, as initial calculations were performed it became apparent that there is a consensus in the electron beam cooling community that single pass cooling is impossible. If successful it will Ist single pass cooling ever with implications far beyond this particular case.
